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I. INTRODUCTION

Phonon Raman scattering is sensitive to the interatomic forces and the

ion masses that determine the vibrational frequencies and, thus, the Raman

shifts. By contrast, the intensities of the various Raman lines are sensitive

to the details of the electronic band structure of the semiconductor. Thus

Raman scattering is potentially capable of exploring both the average

compositional changes as they affect the band structure and also local bonding

arrangements in the solid. In mercury cadmium telluride (MCT), in addition,

the visible-light penetration depth is only 10-20 nm so that Raman scattering

is essentially a near-surface probe of these effects. The availability of a

noncontact probe such as Raman scattering is particularly important for MCT

because it has a delicate sjrface easily modified by abrasion, chemicals,

heating (Ref. 1), and low-energy ion bombardment.

In this report, we present the results of a study of the resonance

enhancement of four first-order Raman lines in Hgi_xCdxTe with Cd

concentration (x values) ranging from 0.20 to 0.31. The photon energy was

varied from 2.4 to 2.7 eV across the El critical point in the joint density of

electronic states. We fina that details of the resonance enhancement vary

depending on the type of phonon mode [transverse optical (TO), longitudinal

optical (LO), or "cluster"). In addition, we report for the first time, Raman

studies on surfaces that have been pulsed laser annealed. We find that laser

annealing produces significant changes in the Raman intensity of a line, which

has been suggested earlier (Ref. 2) as arising from a "cluster" mode.

(Although the association of this mode with nonstatistical clustering of the

Hg and Cd has not been fully proven, we find this interpretation plausible,

especially in view of the results presented here.)

Evidence from Raman (Ref. 2), infrared (Ref. 3), and nuclear magnetic

resonance (Ref. 4) studies of MCT has recently indicated that clustering may

be occurring in which nearest-neighbor bonding arrangements are not

distributed with statistical probabilities. Hg1_xCdxTe is a ternary alloy

semiconductor with the common anion Te. In MCT, as well as several other

alloy semiconductors, there has been considerable interest recently in the

specific cation arrangements that may arise during growth. It has been

suggested that ordered growth may occur in which each anion is surrounded by
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the same arrangement of cations (Ref. 5). For, tetrahedrally bonded

semiconductors, such completely ordered growth is normally only possible when

the cation ratios are either 1:3, 2:2, or 3:1. For other ratios, there may

nevertheless be a preferential clustering of cations in these ratios. That

is, the number of anions with nearest neighbors in these ratios may be much

larger than that predicted by a statistical distribution (Ref. 6).

Alloy ordering can improve carrier mobility by reducing scattering due to

alloy disorder and by eliminating carrier localization due to localized

fluctuations in the band gap. This could affect the performance of IR

detectors fabricated in MCT, since the detector response depends on minority

carrier diffusion into junction regions.

The use of nanosecond pulsed laser annealing provides access to an

extremely rapic method of crystallizing the semiconductor. Cooling rates

exceeding 109Kisec are readily achieved (Ref. 7). This is radically different

from the near-equilibrium growth conditions present during liquid-phase

epitaxial growth, Bridgeman growth, o Czochralski growth. It is plausible to

expect that if the formation of clusters has a slight energetic advantage,

clustering may occur in near-equilibrium growth but would be greatly

suppressed during the rapid quench that occurs during the pulsed laser

annealing process. We believe that the data presented here provide

preliminary evidence that these effects are indeed occurring.

• • I I I I I I6



TI. ELECTRON-PHONON COUPLING

For the polar II-VI semiconductors, the electron-phonon coupling

mechanism that is reponsible for the Raman strength of the transverse optical

(TO) mode is the deformation potential, which depends on short-range

interactions. However, Raman scattering of the longitudinal optical (LO)

phonon modes can be produced both by the deformation potential and by the

long-range electric field of the LO phonon (Ref. 8). This is known as

Frohlich coupling. Under near-resonance conditions, the Frohlich coupling

nearly always dominate6i he aeformation potential for LO scattering in polar

semiconductors.

Menendez et al. (Ref. 8) have recently studied the resonance Raman

behavior of the LO and 2 LO peaks for this alloy system with x-1 in a geometry

in which the LO is forbidden. We report here the first systematic study of

the resoncnce behavior of both the TO and LO modes for Cd fraction in the

range from 0.20 to 0.31. We have chosen to compare the behavior of the LO

with that of the TO mode because of the difference in mechanisms (short vs

long range interactions) and their possible sensitivity to clustering in these

alloys.

--- - -- l mm~mu nmmmmmm ~ n~m m i um7



Ill. EXPERIMENT

Raman scattering was performed at liquid nitrogen temperature on a

variety of bulk and liquid phase epitaxial (LPE) samples with x values of

0.205, 0.23, 0.27, and 0.31. Of these compositions, the last two were bulk

crystals, and Raman scattering was obtained from the <100,, <110,, and <111,

faces. The other samples had been grown by LPE and therefore were available

only with 111, surfaces. Only the LO modes are observable from the <100.1

face, only the TO modes are seen from the 2110) face, but both LO and TO modes

are allowed from the <111, face. The laser beam was focused by a cylindrical

lens to form an extended line image or the sample in order to avoid laser

heating and surface decomposition. Power density at the sample was typically

less than 50 W'cm2 , with a total power of no more than 140 mW.

The laser annealing was performed with a Nd:YAG-pumped dye laser

operating at 728 nm with a pulse duration of -8 nsec. The dye laser was

chosen because of its smoother beam profile than the frequency-doubled YAG and

broader bandwidth which helps to minimize laser speckle problems. The dye

laser beam was weakly focused with a 1.5-m focal length lens. Initial

annealing experiments were done in air ambients, drid stiui, 6 deterioratioi, of

the surface occurred--evidence of metallic tellurium appeared in the Raman

spectra. All further annealing was done in an inert atmosphere. We found

that excellent results could be obtained with the samples held in a

pressurized cell under -20 atm of argon pressure.

Transient reflectivity measurements indicated that the melting threshold

in air is approximately 0.02 J/cm2 . Annealing was performed at this energy

and also at 0.05 J/cm2 and 0.14 J/cm 2 . Some decomposition was observed at the

highest pulse energy, and thus most results reported here are from single-

pulse anneals at 0.05 J/cm2 . The beam cross section at the sample was

typically 0.5 mm - 0.08 mm. Some results were obtained with the sample

rastered along the long dimension of the spot with the sample translated by

0.5 mm between pulses.
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v,. RESONANJE ENHANCEMEN: AS-3ROWN .SAMPLES

orH.:xC e with x v4ues from 0.20 to 0.31, the frncamenta. gap Eo

ranges from - 0.1 to 0.3 eV at liquid helium temperatui. Tte second direct

gap E1 lies in the midd-e of the visible range, 2.4 to 2.5 e; (hef. 9). This

criticai point in the joint aersity of electronic states is respr, sibic for

most of the strengtn of the phonon hamar. scattering when observel :th the

green, and blue ,ines of the argon laser. Thus, a strong resorarce ennancement

occurs as the exciting frequency is tuned through the E1 gap (Ref. 9).

The resonance enhancement affects the various peaks Ir the Rama,. spectr

in differeti ways, as the spectra i, Fig. I illustrate for a sa:po r:

20.5%. Note that the intensity of the T02 mode at 120 cm -  is qi::e cto.sta-

over the range from 514.5 nm (2.4 eV) to 476.5 nm (2.6 eV). However, the
-- 1intensitv uf thie "cluster" mode at 133 cmr and thiat of the 1-0 mooes at 114(

cm 1 and 157 cm- 1 are decreasing rapidy over this same spectral regior.

Similar differences among the enhancements of the various modes are

observed for samples of other compositions. Figure 2 illustrates the behavior,

for a sample witn x = 27%. Here the changes are even more striking. The

"cluster" moce dominates the spectrum for 514.5 nm, but for 476.5 nm the TO2

mode Uominat-

The resonance enhancements of the intensities of the four modes are

summarized in Figs. 3 and 4 in which the line intensities are displayed as a

function of the photon energy of the exciting laser. Betwcc;, 20.5% C ( .-

3) and 27% (Fig. 4), the position of the E, gap moves higher by about 50 meV

and the position of the maximum intensity of the three higher-frequency Raman

lines similarly moves to higher energy. The maximum intensity for these three

lines corresponds closely to the position of the El critical point. For the

TO2 mode at - 120 cm-1 , however, it appears that the resonance behaves like a

step function, increasing rapidly at the El energy and remaining high above

E1 .

Note that the data shown in Figs. 3 and 4 have not been corrected for the

effccts of the spectrometer throughput (minor) and also have not been adjusted

for the effects of the changing penetration depth of the laser light

(significant) and other effects related to the changing optical constants

(Ref. 10).
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Fig. 2. Raman Spectra from < 111 > Oriented Sample
with 27% Cd. Top two traces -are shifted up by 1500
counts.
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V. LASER-ANNEALED SURFACES

With a laser pulse energy of 0.05 J/cm2 , the surface temperature of the

MCT rises rapidly to the melting point and remains there for a period of 100

to 200 nsec. During this time the high vapor pressure of the constituents can

lead to surface deterioration and loss of stoichiometry. Evidence of this was

found by Raman scattering on samples that were laser-annealed in air

ambients. F.gure 5 illustrates these effects. The spectra from the air-

annealed surface show strong peaks from pure polycrystalline Te (Ref. 11) at

127 cm-1 and 142 cm-1 . These peaks completely dominate the spectra on these

samples.

~0,14 Jcm
2

o4

-3

z.-2 - 0 05 J!cm

<  unannealed

103 110 120 130 140 150 160 170

FREQUENCY SHIFT (cm-)

Fig. 5. Raman Spectra from 20.5% Cd Sample with
496.5-nm Excitation. Top two traces shifted by + 2000
counts. Annealing performed in air with 8-nsec dye laser
(X = 728 nm).

To avoid this surface deterioration, the same samples were also laser

annealed .n argon gas ambients. (It was possible to treat each surface with

seve- liffeient pulse anneals since each laser pulse affected approximately

a : .- diameter spot.) In an argon ambient of I atm, much less

de;:ompo,'tion of the surface occurred. Increasing the argon pressure to 20

atm (R, 12) produced no noticeable deterioration at power densities below

- C. 10 J/cm2 . The overpressure of argon appears to be quite effective at

slowing the outdiffusion of Hg and Cd away from the molten surface and thus

protecting the surface stoichiometry. The Raman spectra give no evidence of

compositional changes until power densities of - 0.14 J/cm2 . Several samples

were therefore annealed at 0.5 J/cm2 in the 20-bar argon ambient.

15



VI . CLUSTER MODE

The most significant change that occurs in the kaman spectra from the

laser-annealed spots is that the intensity of the cluster mode is greatly

reduced for ail exciting lines of the laser. Comparison spectra before and

after annealing are sho6n in Fig. 6 for laser wavelengths of 514.5 and 496.5

nm for the 200 sample.

Amirtharaj et al. (Ref. 2) have interpreted this mode as arising from

no:-random "clustering" of the Cd and Hg atoms in a way similar to that

discussed by Verleur and Barker (Ref. 6) for the case of the alloy GaAsP.

Lattice dynamics calculations by Fu and Do (Ref. 13) have indicated th, tr ;

peak would arise from Te surrounded by 3 Hg and 1 Cd. (However, the

calculations showed that nonstoichiometric clustering was not needed for, this

mode to appear prominently in the phonon density of states.)

Figure 7 illustrates the effects of pulsed laser annealing on the .111

sample with 31% Cd. Again, the strongest effect is the reduction of the

cluster mode. There also appears to be some narrowing of the Raman peaks

after the laser anneal.

Additional measurements are needed to confirm the origin of the laser-

annealing-induced changes in the Raman spectra; however, one possible

interpretation is that the rapid quench which occurs during the laser anneal

produces changes in the local stoichiometry. If nonrandom arrangements of the

cations do occur during normal near-equilibrium growth, then the rapid quench

from temperatures well above the melting temperature are likely to freeze

atoms in arrangements that are more nearly random. It should be noted that

recert 125 Te nuclear magnetic resonance (NMR) measurements (Ref. 4) obtained

on bulk samples do indicate that there is a substantial excess of Te

environments with 3 Hg and 1 Cd in this range of x values above that predicted

by a statistical distribution (Bernoulli polynomial).

In Hg1_xCdxTe with x = 0.31, a maximum of 92% of the Te sites can posses

a single Cd neighbor, whereas the random statistical probability of this

configuration is 41%. Laser annealing reduces the intensity of the cluster

mode scattering by a factor of approximately 2, which is consistent with a

transition from nearly maximum clustering to a random distribution.

17



It is also possible that some change of large-scale surface stoichiometry

could produce the observed changes in the Raman spectra, even though the other

phonon peaks show no clear evidence of shifts in the resonant Raman peaks. Hg

diffusion of HgMnTe has been observed with cw CO2 laser annealing (Ref. 14),

but in that case the time scales are much longer and the samples do not make a

transition through the melt phase.

6 (b)

4

3

S2
0

C 1•

U)(a
z
'zunanneaed

z

< 3

2

0.05 J/cm2

100 110 120 130 140 150 160 170

FREQUENCY SHIFT (cm- 1)

Fig. 6. Raman Spectra from 20.5% Cd Sample Show-
ing Effects of Pulsed Laser Annealing at 0.05 J/cm2 in
20 atm of Argon Gas. 20.5% Cd sample with < 111 >
surface. (a) X = 514.5 nm, (b) k = 496.5 nm. Top
traces shifted + 1000 counts,
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Fig. 7. Raman Spectra from 31% Cd Sample Showing
Effects of Pulsed Laser Annealing at 0.05 J/cm2 in 20
atm of Argon Gas. 31% Cd sample with < 111 > sur-
face. (a) X = 514.5 rim, (b) X = 496.5 nm. Top traces
shifted + 1000 counts.
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VII. CONCLUSION

The resonance enhancement of the intensities of four lines in the Raman

spectra of Hg1 _xCdxTe has been studied. We find that the enhancement of the

HgTe-like TO2 mode undergoes a sharp rise at the El band edge and then remains

high. By contrast, the enhancements of the HgTe-like LO2 mode, the "cluster"

mode, and the CdTe-like modes undergo a strong maximum very near the position

of the E, gap. The difference in resonance behavior is probably related -:

the different natur: of the electron-phonon coupling: short-range for the TO

and long-range for the LO mode.

Raman scattering from pulsed-annealed surfaces of these samples indicates

that the cluster, mode is strongly suppressed following the anneal. It is

reasonable to expect that this is a natural consequence of the rapid quench

from melting temperatures which occurs during the pulsed laser anneal

process. More generally, it may be anticipated that growth processes far from

equilibrium, such as pulsed laser annealing and molecular beam epitaxy, might

suppress the tendency toward clustering which may occur during near-

equilibrium growth processes.
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research effort are these individual laboratories:

Aerophysics Laboratory: Launch vehicle and reentry fluid mechanics, heat

transfer and flight dynamics; chemical and electric propulsion, propellant

chemistry, chemical dynamics, environmental chemistry, trace detection;

spacecraft structural mechanics, contamination, thermal and structural

control; high temperature thermomechanics, gas kinetics and radiation; cv and
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electronics applications, communication protocols, and computer security.
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